Abstract
Introduction
The widespread use of the World-Wide Web (WWW) has highlighted the demand for cost-effective ways of accessing information in large distributed hypermedia environments, such as digital libraries, electronic publishing and subject-specific knowledge repositories. It is a challenging task for users to navigate through a large number of documents and hyperlinks without an idea of how these documents are interrelated together. Users need to access a large information space in an intuitive and effective way.
Previous research in hypertext systems has recognised the significant role of graphical overviews and typed links in dealing with a complex network. In late 1980s, researchers started to incorporate the notion of hypertext into traditional information retrieval systems [7, 81. More recently, the role of hyperlinks in improving the quality of 1060-3425/98 $10.00 0 1998 IEEE Proc. 31st Annual Hawaii International Conference on System Sciences information retrieval has been increasingly recognised
The highly dynamic and distributed nature of the WWW highlights some fundamental issues concerning the development of large, distributed hypermedia systems. For example, traditional hypermedia systems are often statically constructed. A greater degree of flexibility and maintainability can be achieved by using dynamic nodelink binding in which the structure of a hypermedia network is dynamically determined by distinct sets of link configurations. In fact, there is a rapidly growing interest in open hypermedia services [2, 111 . A fundamental issue is whether large link configurations can be efficiently generated to represent intrinsic characteristics of the underlying document space.
The ACM Hypertext Compendium [ l ] is a collection of papers from a series of international conferences on hypertext. In this paper, we introduce a generic approach to the development of a cohesive user interface for the ACM Hypertext Compendium. This paper is organised as follows. First, we introduce Generalised Similarity Analysis (GSA), especially the role of the vector space model and Pathfinder networks in GSA. Second, we describe the development of a virtual reality-based user interface for the Compendium. We expect that these user interfaces would allow users navigate seamlessly in a complex network of digital documents. Four, we examine actual documents associated with some predominant structural patterns in the Compendium network. Finally, we discuss the implications of this approach for designing user interfaces to digital libraries. ~9 1 .
Organising Digital Libraries
In traditional libraries and bookshops, books are often arranged with a layout that would place books on similar topics near to each other; therefore people may find convenient to browse the same local area for books on related topics. In the development of digital libraries, it is desirable to have a similar spatial metaphor such that users can rely on the skills that they have developed in the real world.
When dealing with a large information space, designers traditionally face a fundamental challenge - Automated link generation and virtual reality can be integrated together to enable users seamlessly navigate in an information space in association with a digital library. It is possible to provide a generic methodology for dynamically generating a cohesive view of a set of digital documents, which may well be scattered across several geographically distributed websites, or extended over a long period of time.
Framework
The central concept in our work is an integrated, iterative design framework for developing a dynamic, adaptable library of interconnected digital documents. It unifies information structuring, visualisation, and user modelling techniques (see Figure 1 ). The framework not only provides mechanisms to model how users browse the information space, but also allows structuring and adapting the information space to match the interests of users. The integrated modelling and design process can tle used iteratively. 
Adaptive

Generalised Slimilarity Analysis
Generalised Similarity Analysis (GSA) is a unifying framework for extracting structural patterns from a hypermedia information space [4] . A number of intrinsic interrelationships in hypertext, such as hypertext linkage, content similarity and browsing patterns, are consistently incorporated into the generic framework. In this paper, we apply GSA to the ACM Hypertext Compendium.
The architecture of the GSA framework consists of a number of computaitional models (see Figure 2 ). Each of these computational models generates a virtual link structure based on st distinct characteristic. A virtual link structure can be generated based on an integration of some or all the component models. One can incorporate additional inter-dlocument relationships into the framework, for example, based on citation and co-citation counts between documents. The similarity between two documents can be measured psychologically or statistically. In hypermedia systems, some fundamental relationships are hypertext linkage, content similarity and browsing patterns. In this paper, we concentrate on similarity models based on terms, or words, used in a collection of documents.
Figure 2. Generalised similarity analysis.
The vector-space model has been widely used in information retrieval [ 181. In this model, each document is represented by a vector of terms. Terms are weighted to indicate how important they are in representing the document. The distance between two documents is defined as the distance between the two corresponding vectors. Salton et al. automatically generated semantically-based hypertext networks using the vectorspace model [ 181.
In this study, we use the well-known tf x idf model, term frequency times inverse document frequency, to build term vectors as in [18] . 
T
The HyPursuit system 1201 also used a modified version of the vector-space model. However, the HyPursuit system focuses on generating hierarchical classifications of documents, whereas our purpose is to generate a network representation of the structure of digital documents. Pirolli et al. [ 161 used the vector-space model in a study of a Xerox's WWW server, but content similarities were only computed between documents connected by hyperlinks. In our study, content similarities are considered across the entire collection of documents in order to find out under-represented patterns.
In GSA, the spatial layout is determined by a spatial configuration, which maps similarities from the domain NxN to s2 or s3 as with multidimensional scaling (MDS). The difference is that a Pathfinder network is built on salient relationships determined by the triangular inequality condition, which is imposed to eliminate invalid links, whereas an MDS solution is derived from NxN measures of pair-wise relationships.
The graph layout of a Pathfinder network is determined by a force-directed graph drawing algorithm. Because the idea is simple and intuitive, force-directed graph drawing becomes increasingly popular in information visualisation [ 31. In a spring-energy model, nodes are connected by springs corresponding to weighted links. These nodes are forced into place by spring energy transformed from the weights. As the overall spring energy in the system is minimised, the graph gradually takes shape. Resolving spring models usually requires the computational complexity of O(N2). As the number of nodes in the graph grows, more efficient solutions are necessary. One possible solution is to use the divide-andconquer strategy: a large information space can be rapidly split into smaller clusters with simple classification algorithms until those computationally expensive algorithms can be effectively used.
Source Data
We use the ACM Hypertext CompendiumTM [I] The web site is to provide a rich mixture of content and navigation mechanisms. Three types of navigation mechanisms are planned: graphical, spatial, and textual. However, at the time of this study, the textual navigation mechanism is the only mechanism in place. In this paper, we focus on the ACM Hypertext CompendiumrM The principal reason is that the KMS version of the Compendium contains a rich set of crossreference links among these articles. Although the work described in this paper is based on the text version, the existing links in the IKMS version will be explored in our next prototype, in which we plan to utilise the hypertext linkage model of GS.A together with the content similarity model used in this paper.
Visualisation
ep-by-step application of GSA to the ACM Hypertex . Compendium is described as follows.
Data Collection
The ACM Hypertext Compendium was obtained directly from the ACM on diskettes. A total of 126 documents from the text versions of the ACM Compendium were used. Two missing files were due to a corrupted diskette. It is intended that the next prototype will be based on the KMS version of the Compendium and make use of the existing cross-references and other types of links. The 126 (documents were pre-processed and converted to a standard format for GSA.
Inter-Document Siimilarity Matrix
The inter-document similarity matrix was computed based on the vector-space model [18] . The vector-space model was based on the title, authors' names and the abstract of each document. If there is no abstract, the first 25 lines of the main text were used in the computation. A list of common English words was used as the list of stopwords. The similarity matrix was generated according to the dot product of corresponding vectors.
If the value of a pair-wise similarity was less than the threshold of 0.20, it was excluded from further analysis in order to reduce the level of noise. The resultant similarity matrix was submitted for Pathfinder network scaling. For detailed descriptions about Pathfinder networks, see [ 14, 6, 41 . The result of Pathfinder network scaling is a spatial configuration of the minirnum cost network, including the co-ordinates of documents and links that satisfy the triangular inequality condition throughout the network.
Virtual Worlds Design
We develop a virtuall reality-based user interface in Virtual Reality h4odelling Language (VRML). The rationale is to represent tlhe underlying semantic structure as a constellation of documents in a virtual world such that users can explore the structure of a complex network efficiently and intuitively. Major issues and experience associated with our design rationale are discussed in subsequent sections.
In our user interface, each document is visualised as a sphere. The link between two connecting documents is visualised by a cylinder connecting the two spheres. The length of the cylinder is the semantic distance between the two documents connected by the cylinder. The diameter of the cylinder is proportional to the degree of similarity between the two documents. In this paper, spheres and cylinders in a virtual world are randomly coloured on smooth surfaces.
Table 1. Visualisation model.
We have developed a series of computer programs to transform these representations into documents in VRML so that one can view these documents with a WWW browser such as Netscape together with a plug-in viewer for VRML. We use a Netscape Navigator plug-in VRML viewer Live3D with the virtual worlds.
There are several advantages for using a virtual reality-based user interface, especially one that has been integrated into a widely available WWW browser such as Netscape Navigator. For example, as a VRML plug-in to Netscape Navigator, Live3D supports several direct manipulation tasks on a virtual world, such as walk, spin, slide, look and point. VRML 1.0 supports a specification object called WWWanchor. When users click on a WWWanchor, the associated document, no matter local or remote, will be downloaded and users can access the document directly from their own browsers. Usability issues specifically associated with Live3D will be discussed later in this paper. We intend to produce an atlas of interconnected documents to allow users manipulate its components easily. New ways of interaction become possible with the virtual reality-based interface, such as seamlessly walking through, which effectively overcomes the traditional focus versus context problem. Traditional information retrieval strategies are augmented with an intuitive direct manipulation metaphor. Users can move closer to the virtual world for more details as well as move further away for a global view.
We utilised a technique provided in VRML called
Level of Detail (LOD) in order to provide an intuitive and seamless interface for users travelling across virtual worlds in various situations. As the user approaches to an object in the virtual world, the virtual world displays increasingly more information about the object. For example, by moving close to a cluster document, the full structure within the cluster is displayed in the virtual world.
Existing empirical evidence suggests that graphical overviews are significantly useful for users to browse easily and effectively [ 5 ] . Virtual reality-based user interfaces provide a promising means of helping users in accomplishing these cognitive needs. For example, by explicitly representing salient relationships between two documents in a virtual link structure, users are able to see the connectivity patterns in the entire information space. Virtual link structures of different natures, be hyperlinks, content similarity or navigation patterns, can be readily presented to users as virtual worlds for them to explore intuitively.
Users may benefit from the virtual reality-based user interface in a number of ways. For example, direct manipulation-based user interfaces are often easier to learn and to use than other types of user interfaces such as command driven and menu driven.
As noted by Fairchild et al. [9] , a graphical user interface should be designed such that users will be able to identify individual elements in the large space easily, to make sense of the spatial structure in visualisations as a meaningful context, and to recognise salient relationships between elements.
On the other hand, it is not easy to measure the impact of a graphical representation of the structure of a complex network. It is difficult to determine the effects of such visualisations on the performance of users on a range of tasks. We are currently investigating the relationship between such visualisation and individual differences, especially the interaction between users' spatial ability, cognitive styles and various visualisation representations. The design of virtual reality-based user interfaces is still at early stages. A widespread use of VRML 2.0 will add more interactivity to virtual worlds on the Internet. Based on our experience in this design using VRML 1.0, we have identified some problems that should be addressed in future work for refining the integrated and iterative design process.
Design and Verification
We use the following three examples to illustrate the design rationale of building virtual reality-based user interfaces for digital libraries.
Levels of Detail
One problem identified from the initial user feedback on an earlier prototype was that document spheres should have some labels that are displayed all the time in a virtual world. In the earlier prototype, the label was only displayed if the mouse cursor is on the document object. We have tried to cover the surface of an object with an image and the image contains some keywords or the title of the document. However, VRML blurs the display intentionally unless the view is straight to the surface. Figure 3 shows a detailed local layout and interdocument similarities. For example, the overall similarity between paper pp and pp2 is 0.69 and the similarity between paper pp2 and skcl is 0.83, but pp and skcl are not directly connected, suggesting that they are only related because they both have some connections to pp2. Such information filtering is useful for users who need to determine the most salient relationships among different documents. In Figure 4 , the user is approaching to paper pp2. Figure 4 .a is an overview map of papers in the proceedings. Figure 4 .b is the local structure of paper pp2. In Figure 4 .c, more information about paper pp2 becomes visible, including the paper's title, the authors' names and a list of keywords. Finally, in Figure 4 .d, the user can see the abstract of the paper. The user can actually read the full-text version of the paper published on the ACM site by clicking on the cube in the centre of the screen.
Query-Specific Views
The user interface can visualise specific queries in a larger context. Figure 5 is a query-enhanced structural visualisation of papers in Hypertext97 conference proceedings. It shows how strongly a query term is associated with a paper. In this example, three keywords were specified: WWW, retrieval and visualisation. For example, the long, red bar associated with the paper by Anderson in the map indicates the document is likely to Figure 4 . Varying details regarding paper pp2.
Design Issues
The Virtual Reality Modelling Language (VRML) is bringing widespread 3D graphics to the Internet. VRML is a format for sending descriptions of virtual worlds back and forth over the Internet. 3D virtual worlds become increasingly accessible to home computer users. Netscape Navigator, the world's most popular Web browser, has incorporated VRML viewers such as Live3D and Cosmo Player. For example:, Live3D supports animation, rotating objects, streamed video and audio, and other multimedia For millions of Internet users, the greatest attraction is that they can access these graphical representations from various platforms that tlhey already have to access the Internet. Users can easily incorporate VRML models into the design of their own Web pages.
A basic virtual reality is constructed by arranging 3D objects into scenes and worlds. A group of 3D shapes are calculated and rendered on the screen from a particular point of view. The user can then change his or her point of view as if he or she is working through, flying over, or crawling beneath the objects. Since the objects are essentially mathematical or geometric representations, they can be rotated, shifted, or zoomed in a virtual world.
Currently, users must explicitly switch back and forth between browsing the WWW and browsing a virtual world. To walk through, fly through, or examine an object in the virtual world, the user must use the VRML mode, which consists of several actions such as walk, spin, look, point, and view. If the user wants to have a closer look at an object, he or she must select the point function and then point and click on the object. The pointed object will fly closer towards the user. On the other hand, if the user simply wants to follow the Web link attached to the object, then he or she must de-select the point function. A more seamless interface would be able to distinguish the two actions in a single mode, for example to use single clicks for following an http link and use double clicks for moving closer to an object.
The Compendium vs Random Graphs
The design of virtual worlds needs to provide an interface that users can draw upon the skills that they have developed in the real world [9, 121. In the following sections, we compare the spatial layout of the ACM Hypertext Compendium and that of a random graph so as to identify the relationship between spatial patterns and the underlying structure.
The network in Figure 6 visualises the structure of 126 papers in the Compendium. Figure 7 is a Pathfinder network derived from a random graph with the same number of nodes. We expect to identify some distinct spatial patterns as the basis for our subsequent interpretation.
First, the proximity data in the Compendium and the random graph have different levels of mean and standard deviation (see Table 2 ). 
Ih (126 nodes, 164 links).
It is clear from the statistics and the spatial layout, layout of the Compendium network appears to reflect some salient relationships among documents. In the next section, we will verify individual documents in association with some distinctive patterns in the network. Second, there are 126 nodes and 132 links in the Compendium network. The linkhode ratio is 132/126 = 1.048, suggesting that in this network one node is usually connected to one or two nodes only. Figure 6 shows a lower degree of interconnectivity in the Compendium network. A lower degree of interconnectivity makes it easier for users to identify the most salient connection between two arbitrary nodes.
In contrast, the random graph network has 126 nodes and 164 links. The linWnode ratio is 164/126=1.302. In the random graph network, one node is more likely to be connected with two or more nodes than its counterpart in the Compendium network. Figure 7 confirms that the random graph network has a higher degree of interconnectivity. There are a considerable number of rings and it is more likely that two arbitrary nodes in the random graph network are connected by more than one path.
According to this analysis, long spikes in the Compendium network are more likely due to substantial similarities among different papers. On the other hand, although rings are more likely to appear in a random graph network, its appearance in a subject-specific network may suggest a group of highly interrelated documents; therefore, rings in the Compendium network may also reveal some latent relationships. To further investigate the nature of the resultant spatial configuration for the Compendium, in the next section, we examine documents associated with the longest spike and the largest central ring structure in the network.
Verification
The spatial layout of the Compendium network shows a degree of clustering in that some papers tend to be associated together as a group, although the boundary of such a group may not be clear.
In Figure 8 , there is a ring of papers in the centre of the Compendium network; there is also a long spike pointing outwards from the ring. What could these spatial patterns tell us? We will examine documents associated with the ring and the long spike in the following section.
The longest spike contains more than 30 documents. We verified the first 12! documents starting from the remote end of the spike (see Table 3 ). It turned out that these documents include some of the most influential works in the hypertext literature, including Conklin's landmark survey, Frisse's Hypertext Medical Handbook, Garg's Hypertext Abstract Machine, the Oxford Dictionary conversion and Halasz' Seven Issues. The distinct shape of the long spike would easily attract the attention of users to these classic works, which would be a desirable feature for users who are not familiar with the field.
The central ring consists of 16 documents, starting from the root of the longest spike clockwise (see Table 4 ). Some connections are easy to detect. For example, documents 74, 75 ,and 96 are connected because they all address writing with hypertext systems. Similarly, documents 1, 54, 91 and 77 are grouped together because they describe models for hypertext systems.
Conclusion
The virtual reality-based user interface described in this paper offers an intuitive and effective means of navigating in a digital library. The new user interface takes the advantage of the widely used Web browser and VRML viewers such as Live3D. Users who have access to the WWW can immediately access such interfaces from their existing computers. The techniques described here can be applied to other subject domains.
The design practice described in this paper provides some valuable experience and lessons for developing an intuitive representation of the complex structure of a digital library. In addition, a number of virtual link structures can be used together to provide users insights into the underlying structure from various perspectives. More work is needed in a number of areas, such as evaluating the usability of the new user interface, optimising clustering and graph drawing algorithms, investigating the role of individual differences in the use of spatial-oriented user interfaces, especially the spatial ability and cognitive styles. The approach described in this paper provides a promising way for building intuitive graphical user interfaces for users to browse seamlessly in a digital library.
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Discussion
We have described a generic approach to the design of a user interface for a digital library. On the other hand, there is still a lot of work to be done. Evaluating the usability of such design requires a re-examination of existing theories and methodologies of human-computer interaction. We have identified the following issues for further studies:
Scale up clustering and graph drawing algorithms. To reduce the computational complexity in order to handle a large collection of documents. Integrate with established information retrieval systems such as the SMART system. To make use its evaluation facilities.
Build a comprehensive digital library on hypertext.
To build a digital library with high-quality documents and an intuitive structure map. These tasks will be undertaken in our forthcoming two-year project funded by the Engineering and Physical Sciences Research Council (EPSRC) under the
